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FABRIKASI DAN PENCIRIAN ALOI III-NITRIDA BERLIANG UNTUK 
APLIKASI PERANTI PENDERIAAN GAS HIDROGEN 
 
ABSTRAK 
Matlamat kajian yang dibentangkan adalah untuk memfabrikasikan struktur 
berliang III-nitrida dan menggunakannya untuk aplikasi peranti penderia gas hidrogen.  
Pembentukan liang pada filem-filem III-nitrida bertujuan mengurangkan ketumpatan 
kehelan dalam lapisan III-nitrida dan menghasilkan kawasan permukaan yang tinggi 
untuk aplikasi sensor gas. Dalam kajian ini, teknik punaran fotoelektrokimia (PEC) 
telah digunakan untuk memfabrikasi struktur GaN, InGaN dan InAlGaN berliang 
yang merujuk kepada sebatian III-nitrida yang terdiri daripada binari, ternari dan 
kuaternari, masing-masing. Sampel jenis n untuk Gan, InGaN dan InAlGaN telah 
digunakan dalam kajian ini. Kajian ini telah dimulakan dengan fabrikasi GaN 
berliang. Analisis struktur menunjukkan bahawa liang berbentuk heksagon telah 
diperolehi dengan peningkatan permukaan kekasaran relatif kepada sampel tidak 
berliang. Berikutan itu, fabrikasi InGaN berliang telah dijalankan. Kesan masa 
punaran mendedahkan bahawa saiz dan ketumpatan liang meningkat dengan masa 
punaran. Aktiviti punaran di sempadan menjadi lebih signifikan untuk tempoh 
punaran yang lebih lama di mana kawasan yang tidak sempurna di sempadan telah 
dipunarkan. Pengurangan ketumpatan kehelan disebabkan oleh proses punaran dan 
telah disahkan oleh nilai yang menurun pada FWHM dari HR-XRD rocking curve 
untuk semua sampel InGaN berliang. Keamatan fotoluminesen (PL) bagi sampel 
InGaN berliang meningkat secara beransur-ansur dengan masa punaran dan PL 
spektrum menunjukkan anjakan merah berbanding InGaN tidak berliang yang 
menunjukkan peningkatan dalam sifat optik dan santaian tegasan telah berlaku dalam 
xxi 
 
sampel berliang. Selain daripada itu, fabrikasi sampel kuaternari berliang juga telah 
dibina pada substrat yang berbeza dan dibandingkan. Sampel InAlGaN/nilam berliang 
mempamerkan bentuk liang bulat manakala InAlGaN/Si(111) berliang menunjukkan 
seperti struktur berliang karang. Semua sampel berliang menunjukkan peningkatan 
dalam kepadatan dan saiz liang dengan masa punaran dan pamerkan luas permukaan 
yang tinggi berbanding sampel tidak berliang. Puncak E2 (high) bagi sampel berliang 
mengalami anjakan berbanding dengan sampel bukan berliang dalam spektrum 
Raman dan ini menunjukkan kelonggaran tekanan dalam sampel berliang. Seterusnya, 
GaN, InGaN dan InAlGaN berliang telah digunakan bagi aplikasi untuk penderia gas 
hidrogen. Penderia gas hidrogen berasaskan sample tidak berliang dan berliang telah 
difabrikasikan dan dibandingkan. Perubahan SBH, (∆B) apabila terdedah kepada 
0.1% H2 dalam gas N2 meningkat secara beransur-ansur dengan masa punaran dan 
mencapai nilai maksimum pada 10 minit punaran dengan faktor 3.2 berbanding 
dengan sample tidak berliang. Penderia gas hidrogen berasaskan sampel berliang 
menunjukkan perubahan arus yang ketara semasa dialirkan gas hidrogen dan 
mempamerkan kepekaan yang lebih tinggi berbanding dengan penderia gas hidrogen 
berasaskan sampel tidak berliang. Kepekaan penderiaan gas hidrogen InAlGaN yang 
optimum (punaran selama 10 minit) adalah kira-kira 6.9 lebih tinggi daripada penderia 
gas InAlGaN tidak berliang, dengan masa tindak balas dan pemulihan sebanyak 13.8 
saat dan 88.4 saat, masing-masing, pada suhu bilik. Tambahan pula, tindak balas arus 
meningkat secara beransur-ansur dengan kadar aliran hidrogen bagi sampel ini. Kajian 
ini menunjukkan bahawa struktur berliang mempunyai pengaruh yang besar ke arah 
sifat-sifat semikonduktor III-nitrida. Kajian ini juga menunjukkan penghasilan 
struktur berliang yang bagus pada permukaan filem III-nitrida dengan menggunakan 
teknik yang mudah iaitu teknik punaran PEC untuk peranti penderiaan gas hidrogen. 
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FABRICATION AND CHARACTERIZATION OF POROUS III-
NITRIDES ALLOYS FOR APPLICATION IN HYDROGEN GAS SENSING 
DEVICES 
 
ABSTRACT 
The main goal of this work was to fabricate porous III-nitrides structures and 
utilize them in hydrogen gas sensing devices. The pores were formed on the III-
nitrides films to reduce the dislocation density in III-nitrides layer and produce high 
surface area to volume ratio for high performance gas sensor application. The 
photoelectrochemical (PEC) etching technique was used to fabricate porous GaN, 
InGaN and InAlGaN which refer to binary, ternary and quaternary compounds of III-
nitrides, respectively. N-type GaN, InGaN and unintentionally doped n-type InAlGaN 
samples were used in this study. The study began with the fabrication of porous GaN. 
Structural analysis revealed a hexagonal pore shape and increased surface roughness 
relative to the non-porous sample. Next, porous InGaN was fabricated. The effect of 
etching duration revealed that the pore size and density increased with etching 
duration. The etching activity at the grain boundaries became significant for longer 
etching duration in which more defective regions at grain boundaries had been etched. 
The reduction in dislocation density due to the etching process was confirmed by a 
decreased value of the full width at half maximum (FWHM) from high resolution x-
ray diffraction (HR-XRD) rocking curve measurements for all porous InGaN samples. 
The photoluminescence (PL) intensity of porous InGaN samples increased gradually 
with etching duration and the PL spectra showed a slight red shift compared to non-
porous InGaN; these results indicate that optical properties have been enhanced and 
stress relaxation has taken place in the porous samples, respectively. Finally, porous 
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quaternary samples were fabricated on different substrates and compared. The porous 
InAlGaN/sapphire sample exhibited a circular pore shape, whereas the pore shape of 
porous InAlGaN/Si(111) was coral-like porous structure. All porous samples 
exhibited increased pore density and size with etching duration and had a high surface 
area to volume ratio compared to the non-porous sample. The E2 (high) peak of 
porous samples was observed to be shifted relative to non-porous sample in Raman 
spectra suggesting relaxation of stress in the porous samples. In the next part of the 
study, porous (GaN, InGaN and InAlGaN) based and non-porous based hydrogen gas 
sensors were fabricated and compared. The change in Schottky barrier heights (SBH) 
(∆B) upon exposure to 0.1% H2 in N2 gas increased gradually with etching duration 
and reached the maximum value at 10 minutes of etching by a factor of about 3.2 
relative to that of the non-porous sample. Porous based hydrogen gas sensors showed 
a significant change of current upon introduction of hydrogen gas and exhibited higher 
sensitivity compared to the non-porous based hydrogen gas sensor. The sensing 
response of the optimum InAlGaN-based hydrogen gas sensor (etched for 10 min) was 
about 6.9 higher than that of the non-porous InAlGaN gas sensor, with response and 
recovery times of 13.8 seconds and 88.4 seconds, respectively, at room temperature. 
Furthermore, the current response increased gradually with hydrogen flow rate for this 
sample. The results of this study illustrate the feasibility of producing good porous 
structure on III-nitrides films via PEC etching for potential use in hydrogen gas 
sensing devices. 
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CHAPTER 1 
INTRODUCTION 
1.1 Introduction to III-Nitrides 
III-nitrides semiconductors, which include AlN, GaN and InN and their related 
alloys, have been widely studied as potential materials for use in optoelectronics and 
electronics applications due to their superior properties such as direct and wide 
bandgap. The band gap values of InN, GaN and AlN are reported to be 0.7, 3.4 and 
6.2 eV, respectively (Wu and Walukiewicz, 2003). The wide range of direct 
bandgaps makes III-nitrides attractive for optoelectronics applications such as light 
emitting diodes (LEDs) (Han et al., 2014; Li et al., 2016), photodetectors (Bao et al., 
2013; Zhang et al., 2016) and laser diodes (Alahyarizadeh and Rahmani, 2016; Cai et 
al., 2016). Generally, III-nitrides semiconductors can be crystallized into both 
wurtzite and zinc-blende polytypes. However, the former is more widely studied 
because it is more thermodynamically stable. 
III-nitrides semiconductors have also been utilized for high temperature/high- 
frequency applications. For example, the wide band gap nature of GaN allows the 
material to go intrinsic at much higher temperature. Other attractive properties of III-
nitrides include high breakdown fields, excellent electron transport properties, high 
saturated drift velocity, and high mechanical and thermal stability (Pearton et al., 
2000).  
Ternary and quaternary III-nitrides have been further studied in recent years due 
to their potential to overcome the shortfalls of binary III-nitrides (Li et al., 2001).  
InxGa1-xN ternary and InxAlyGa1-x-yN quaternary alloys are currently major topics of 
research. The direct bandgap can be tuned from 0.7 to 6.2 eV, which spans the range 
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from infra-red (IR) to deep ultra-violet (UV) regions. This tuning can be 
accomplished by varying the In and Al compositions in the material system. This 
feature makes the III-nitrides alloys attractive for use in optoelectronics and sensing 
devices such as LEDs and photodetectors (Oder et al., 2000; Nagarajan et al., 2008; 
Han et al., 2014; Huang et al., 2014). 
1.2 Research Problem and Motivation 
III-nitrides semiconductors represent a promising material for use in 
optoelectronic and sensing devices (Schalwig et al., 2002a; Ali et al., 2006; Chang et 
al., 2010). Fabricating a highly efficient and reliable device requires a high quality 
crystalline layer of the III-nitrides. However, growing a high quality III-nitrides layer 
is not an easy task due to the lack of suitable substrate. III-nitrides semiconductor 
such as GaN is commonly grown on sapphire or Si (111) substrate, but they have a 
high lattice mismatch of 13.6% and 17%, respectively (Pearton, 1997). In addition, 
sapphire exhibits a higher thermal expansion coefficient with a=7.5 × 10
-6
 K
-1
, c=8.5 
× 10
-6
 K
-1
 to GaN with a=5.59 × 10
-6
 K
-1
 and c=3.17 × 10
-6
 K
-1
. For Si (111), the 
thermal expansion coefficient is smaller with a=c=3.59 × 10
-6
 K
-1
 than GaN 
(Popovici and Morkoc, 2000). This high level of lattice mismatch and thermal 
expansion coefficient difference between the epilayer and the substrate will result in 
high defects and dislocation density, and it will increase the strain in the III-nitrides 
layer during the epitaxial growth (Vajpeyi et al., 2005a), which in turn will degrade 
the epitaxial quality. Although 6H-SiC has the lowest lattice mismatch of 3.5% with 
GaN (Pearton, 1997), it is expensive and thus unsuitable for commercial purpose. 
Such problems would considerably limit the efficiency of the devices. Therefore, 
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improving the quality of III-nitrides layer is of crucial task to obtain high reliability 
devices. 
Several approaches have been applied to overcome these problems. For 
example, researchers have tried growing GaN layer on low-temperature AlN buffer 
layer (Zhang et al., 2004a; Zhang et al., 2004b) or using other materials, such as 
scandium nitrite, as interlayer (Moram et al., 2007). Modifying the III-nitrides 
structure also has become an alternative strategy for providing better nitride epitaxy.  
Therefore, there are several reasons for fabricating porous structure on III-
nitrides layer. This is because porous structure could offer several advantages 
compared to conventional bulk materials (Huang et al., 2013; Cheah et al., 2015). 
Porous structure can reduce the defect density and relieve strain caused by lattice 
mismatch (Lin et al., 2006). Moreover, a porous GaN template could reduce the 
dislocation density and allow high quality GaN overgrowth (Hartono et al., 2007b). 
Porous GaN has exhibited more efficient luminescence relative to non-porous GaN 
(Vajpeyi et al., 2005b) and the porous structures produce the high surface area to 
volume ratio needed for optoelectronics and gas sensor applications (Duan and Bohn, 
2010; Zhang et al., 2016). 
Thus, understanding the properties of porous III-nitrides, which could improve 
the structural and optical properties of III-nitrides materials and identifying their 
potential applications in sensing device are the motivation for this research. From the 
literature, previous works on porous III-nitrides have focused mainly on the 
fabrication of porous GaN (binary compound). Very little research exists on the 
porous InGaN (ternary compound) and to our best knowledge, the fabrication of 
porous InAlGaN (quaternary compound) has not been reported so far. Therefore, in 
this work, the study of porous III-nitrides began with porous GaN and the ability to 
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fabricate porous GaN effectively using PEC etching method has driven a motivation 
to apply such technique in producing porous InGaN and porous InAlGaN. Moreover, 
the study of porous InGaN and InAlGaN is still at the early stage, and most of their 
fundamental properties are not yet well established and not available in the literature. 
Thus, this motivates our work to explore the properties of this new form of material 
and its potential application. Although porous InGaN and InAlGaN already have 
been applied in the development of LEDs and photodetectors (Han et al., 2014; Yu-
Hsuan et al., 2013; Zhang et al., 2013), their use in hydrogen gas sensors has not 
been reported previously in the literature.  On top of that, the excellent properties of 
InGaN and InAlGaN make ternary and quaternary porous III-nitrides versatile for 
designing advanced gas sensor devices. Furthermore, it should be possible to 
integrate porous InGaN or InAlGaN gas sensors into InGaN- or InAlGaN-based 
optoelectronics devices on the same chip.  
1.3 Research Objectives 
The main focus of this project was the investigation of the porous structure of 
III-nitrides semiconductors, covering the binary, ternary and quaternary compounds 
of nitrides materials (GaN, InGaN and InAlGaN). The porous structure was 
generated using photoelectrochemical etching (PEC) technique. In order to access to 
better fundamental understanding of the properties of the III-nitrides semiconductor, 
the project began with investigation of the morphological, structural and optical 
characteristics of the non-porous III-nitrides. Next, porous GaN was fabricated and 
its properties were characterized with the same tools used to study the non-porous 
materials. Subsequently, porous InGaN and InAlGaN were fabricated; the structure 
and properties of these materials have not been reported previously in the literature. 
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The characterization measurements for all samples helped to determine the 
possibilities of the best porous samples to be used for hydrogen gas sensor 
applications. Ultimately, porous GaN- InGaN- and InAlGaN-based hydrogen gas 
sensors were fabricated and compared to the non-porous gas sensor. The best device 
was identified based on sensitivity, response and recovery times. 
 
The objectives of this work were as follows:- 
1. To investigate the morphological, structural and optical characteristics of 
non-porous and porous GaN.  
2. To study the morphological, structural and optical properties of porous 
InGaN (ternary compound) and InAlGaN (quaternary compound).  
3. To compare the characteristic and performance of non-porous and porous 
GaN, InGaN and InAlGaN hydrogen gas sensor based on sensitivity, 
response and recovery times.  
1.4 Originality of the Research Work 
The originality of this research work includes the following key points:-  
1. Despite excellent progress in understanding porous III-nitrides 
compounds, research activities remain largely focused on binary 
compounds, particularly GaN. To date, very little research has focused 
on the porous ternary InGaN, and various parameters of the etching 
process have not yet been explored. To the best of our knowledge, 
fabrication of porous InGaN using potassium hydroxide (KOH) solution 
with different etching durations and the effect of using different light 
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sources on the properties of porous InGaN have not yet been reported in 
the literature.  
2. Fabrication and investigation of the porous structure of other types of III-
nitrides materials such as quaternary InAlGaN is presented here for the 
first time.  
3. This study includes efforts to enhance the properties of InGaN and 
InAlGaN by the formation of the porous structure on the thin films.  
4. The fabrication and investigation of hydrogen gas sensors based on 
porous InGaN and InAlGaN is described here for the first time.  
1.5 Limitation of Study 
Although the research has reached its objective, there was unavoidable 
limitation. The availability of the samples was limited especially for GaN and InGaN 
samples. Therefore, due to the limitation of the samples, the research was handled 
carefully in order not to waste the samples. For the fabrication of porous GaN and 
InGaN structure under different etching duration, the parameter was conducted and 
planned wisely in order to obtain sufficient data.   
1.6 Outline of the Thesis 
This thesis consists of eight chapters describing work on the porous III-nitrides 
(porous GaN, InGaN and InAlGaN) fabricated using the PEC etching technique and 
the application of these porous materials in hydrogen gas sensors. This thesis is 
organized as follows: 
Chapter 1 presents an overview of III-nitrides as well as the research problems, 
motivation and objectives of the work.  
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In Chapter 2, a survey on the published data regarding porous III-nitrides is 
presented, and issues and techniques used to fabricate the porous structure are 
described. In addition, the potential of the porous structure to be adopted for 
application in hydrogen sensing device is described. 
Chapter 3 presents the general principles and theories of PEC etching of porous 
III-nitrides, metal-semiconductor contact and hydrogen gas sensor. 
Chapter 4 describes the methodology and instrumentation used in this study. 
The results obtained from the research works are analyzed and discussed in 
Chapter 5 (porous GaN), 6 (porous InGaN) and 7 (porous InAlGaN). The 
performance of the hydrogen gas sensor devices fabricated based on each porous 
material are described at the end of each chapter.  
Finally, Chapter 8 summarizes the findings of this research work. Suggestions 
for the future work are also included in this chapter. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Introduction 
The applicability of III-nitrides semiconductors has been studied for many 
optoelectronics and sensing devices. However, several issues such as high 
dislocation density due to large lattice and thermal mismatch between the III-nitrides 
epilayer and the substrate, can hinder the performance of the device. Therefore, 
studies of how to improve the properties of porous III-nitrides using PEC and 
electroless etching techniques are needed. Until now, studies of porous III-nitrides 
have been focused mainly on porous GaN which is a binary compound. Limited data 
are available for porous InGaN (ternary compound), and to our knowledge, no 
information about porous InAlGaN (quaternary compound) and its application in 
sensing devices has been published. This chapter provides a brief overview of porous 
semiconductors and the development of porous III-nitrides, including porous GaN 
and InGaN. The application of porous III-nitrides in hydrogen gas sensors is also 
described. Figure 2.1 provides an overview of the literature search and the existing 
research gaps. 
2.2 Overview of Porous Semiconductors 
Nano-structure materials have drawn a great deal of attention due to their unique 
chemical and physical properties, which include small size and vast surface to 
volume ratio. In addition, such materials have become promising material and being 
explored for the application in many semiconductor devices. Therefore, a 
comprehensive study of porous semiconductors is needed. 
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Figure 2.1: Schematic diagram of literature review and existing research gaps 
 
Porous semiconductor is the semiconducting material with open pores which 
increase the surface area to volume ratio on the surface of the material that can be 
fabricated via etching processes. Studies of porous semiconductors have increased 
steadily over the recent decades due to their superior properties over their bulk 
counterparts. The porous semiconductor can act as a sink for mismatch dislocation 
and accommodate the strain in epilayers (Ponce and Bour, 1997; Dıáz et al., 2002). 
Porous semiconductors also offer improved optical properties, such as shifting of the 
emission wavelength and enhancement of luminescence efficiency, compared to their 
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non-porous semiconductors (Canham, 1990; Naderi and Hashim, 2012). Moreover, 
the high surface to volume ratio of porous semiconductors is good for use in sensing 
application devices (Dubey and Gautam, 2011; Rani et al., 2013; Siciliano et al., 
2014; Zhang et al., 2016). 
The first porous semiconductor was initially started with porous silicon that was 
accidentally encountered by Uhlir at Bell Laboratories in 1956 (Uhlir, 1956). During 
an electropolishing experiment of a Si wafer, he discovered that fine holes were 
produced on the surface of Si instead of dissolving the Si uniformly. Later, Canham 
(1990) observed intense visible photoluminescence (PL) emission from porous 
silicon. This observation triggered further investigations, and significant 
advancements have been made in understanding the optical and structural properties 
of porous semiconductor materials (Dubin, 1992; Cullis et al., 1997; Li and Bohn, 
2000; Nahor et al., 2014). Among porous semiconductors, porous Si has been 
rigorously studied due to its low-cost. However, porous Si is unstable in terms of its 
chemical, thermal, and mechanical properties as well as it has weak 
electroluminescence efficiency. This has led to the development of other porous 
semiconductors.  
Apart from Si, other semiconductors such as SiC, Ge, III-V compounds (GaAs, 
GaP and InP) and III-nitrides are receiving more interest in the porous semiconductor 
activity. For example, porous SiC which has an indirect bandgap, was first explored 
by Shor et al. (1993) and it is the most studied compound after porous Si. This 
material has been used to develop shorter wavelength emitting devices (Mimura et 
al., 1994), gas sensors (Kim and Chung, 2011; Keffous et al., 2013)  and photodiodes 
(Boukezzata et al., 2008; Keffous et al., 2010). 
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 Ge is another type of porous semiconductor that has been studied extensively. 
Ge is an indirect semiconductor that is useful for near infrared photodiodes and x-ray 
detector applications. The fabrication of porous Ge was first discovered by 
Beckmann (1966) by using stain etching technique in a diluted solution of HF/H2O2.  
Subsequently, the study of porous Ge was reported by other research groups (Bayliss 
et al., 1996; Chang and Hummel, 2000; Guzmán et al., 2008; Romano et al., 2013). 
Although many optoelectronics devices are being developed using these indirect 
semiconductor materials, the efficiency of the devices does not compare favorably 
with that of devices containing direct semiconductor materials such as III-V 
compounds and III-nitrides.  
Research activities further continued to explore the properties of porous III-V 
compounds. For example, InP has direct bandgap and is widely used for high-speed 
electronics and optoelectronic devices. Porous InP was first discovered via an 
electrochemical anodization technique (Toshiyuki et al., 1994). Later, Hamamatsu et 
al. (1999) successfully produced highly ordered porous nanostructures using PEC 
anodization method with illumination from a tungsten lamp. In both studies, the 
anodization was conducted in HCl electrolyte. Then, there were other subsequent 
studies on porous InP (Tsuchiya et al., 2004; Seo and Yamaya, 2005; Leisner et al., 
2010; Kumazaki et al., 2013) and the material was used for application in solar cells 
(Sato et al., 2010) and gas sensors (Volciuc et al., 2010). GaAs is another III-V 
compound that has direct bandgap and high carrier mobility which is extensively 
used in Schottky diodes, LEDs, and laser. Krumme and Straumanis (1967) first 
fabricated porous GaAs by anodic etching. Later, porous GaAs fabricated in aqueous 
KOH were observed to have large pores (Faktor et al., 1975), whereas anodization of 
GaAs in HF was found to promote high density of pores. One downside of porous 
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GaAs is that the amount of gallium composition was reported to decrease during the 
etching process (Beale et al., 1985; Ali et al., 2009). Moreover, anodization of GaAs 
tends to produce oxide (arsenic oxide) in the porous layer, which is undesirable for 
high quality epitaxial growth (Lockwood et al., 1999; Mazouz et al., 2011).   
2.3 Overview of Porous III-nitrides  
III-nitrides based materials have become the candidate of choice for use in 
photonics and sensing applications in recent years due to their unique and excellent 
properties. The wide direct bandgap and robust properties of III-nitrides materials 
such as GaN make it attractive for use in high temperature applications and also in 
harsh environments. III-nitrides related alloys such as ternary InGaN and quaternary 
InAlGaN further boost the properties of III-nitrides materials. The direct bandgap of 
these alloys can be varied from IR to UV regions by varying the In and Al 
composition in the alloy system, which allows greater flexibility and versatility in 
designing devices. Moreover, generating porous structure on the III-nitrides thin 
films is expected to improve the film structural and optical properties such as 
reduction of defect density and increment of luminescence signal (Hartono et al., 
2007a; Cheah et al., 2015). Such properties are good for the better performance of 
application devices. An overview of III-nitrides semiconductors and their related 
alloys can be found in section 1.1   
Interest in porous III-nitrides has grown due to their superior properties over 
non-porous film. The porous structure has the ability to reduce the dislocation 
density and relief the strain that originated from the lattice mismatch between the III-
nitrides layer and the native substrate (Lin et al., 2006; Soh et al., 2013). The 
improved properties of porous III-nitrides layer are due to the removal of the 
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defective region at the grain boundaries by KOH solution during the etching process 
(Cho et al., 1999; Zhao et al., 2006). Therefore, the porous structure could improve 
the properties of III-nitrides films, which is important for the fabrication of high 
performance and reliable devices.  
Furthermore, porous III-nitrides structure provides stress relaxation compared to 
the non-porous structure. Thus, porous III-nitrides are attractive options for use as a 
growth template for the subsequent III-nitrides layer growth (Inoki et al., 2003; 
Hartono et al., 2007a; Soh et al., 2009; Jang et al., 2014). In fact, porous III-nitrides 
as the growth template probably is the best solution for growing high quality III-
nitrides layer because of having the same lattice and thermal expansion coefficient. 
Thus, the large dislocation density and strain in the epitaxial layer would be reduced. 
Hartono et. al (2007a) reported that growing GaN on a strain-relaxed porous GaN 
template led to a reduction in threading dislocation density of up to 60% and the 
porous GaN structure could minimize the propagation of threading dislocation into 
the subsequently overgrown GaN film (Soh et al., 2009; Soh et al., 2013).  
In addition to the reduction of dislocation density and strain management in 
epitaxial layer, porous III-nitrides structure also has a high surface area to volume 
ratio, which is useful for sensing applications such as gas sensors. Several research 
groups have reported the application of porous GaN for gas sensor devices (Yam et 
al., 2007b; Yam and Hassan, 2007; Al-Heuseen and Hashim, 2012; Zhong et al., 
2014a; Zhong et al., 2014b). The porous GaN gas sensors showed enhanced sensing 
performance compared to the non-porous GaN gas sensor due to the increase of 
sensing area in the porous GaN structure. 
Apart from the interesting structural properties of porous III-nitrides, porous 
GaN exhibits improved optical properties, such as a shift in the emission wavelength 
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and enhanced luminescence efficiency, relative to the non-porous GaN (Vajpeyi et 
al., 2005a; Hartono et al., 2007b; Cheah et al., 2015). Such characteristics are 
beneficial for optical device applications.  
Therefore, in order to realize the potential of porous III-nitrides in various 
applications, the issue to determine the precise control of porous III-nitrides 
properties such as the pore density and size is essential. These properties affect 
device performance. Hence, the challenge in fabricating porous III-nitrides lies on 
how to control the etching parameters during the etching process to generate the 
desired porous morphologies.     
2.4 Overview of the Process of Fabricating Porous III-nitrides 
Porous III-nitrides can be considered relatively less studied compared to other 
semiconductor materials such as Si and III-V semiconductor. Research on porous III-
nitrides began with the binary compound, which is porous GaN, that was fabricated 
by Mynbaeva and Tsvetkov (1997). Since the achievement in fabricating the first 
porous GaN, this group actively continues the research on porous GaN (Mynbaeva et 
al., 2000; Mynbaeva et al., 2011). Later, many other researchers also have shown 
interest in porous GaN (Diaz et al., 2003; Chen et al., 2012; Huang et al., 2013) . 
Apart from the tremendous research of porous GaN, few studies of the porous III-
nitrides ternary compound, which is porous InGaN have been published (Saleh et al., 
2012; Ramizy et al., 2015). However, the research in porous InGaN is at the early 
stage and many basic fundamental properties have not yet been identified. In the 
following sections, the fabrication of both porous GaN and InGaN will be described.                          
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2.4.1 Fabrication of Porous III-nitrides by Bottom-up Technique 
Porous III-nitrides such as porous GaN and InGaN can be produced using 
several techniques. For example, several research groups generated porous GaN 
using bottom-up technique in which the porous structure generated during the growth 
process of the thin film using chemical vapor deposition (CVD) or ion-beam assisted 
molecular beam epitaxy (MBE) system. Caravajal et al. (2008) produced GaN 
nanoporous particles by the direct reaction of Ga and NH3 in a CVD system. They 
reported the influence of different parameters, such as temperature, flow rate of 
ammonia and pressure on the porous GaN morphology. However, the structural and 
optical properties of the GaN nanoporous particles were not characterized to support 
the potential of porous GaN for device applications. Bilousov et al. (2014) described 
a similar technique for producing porous GaN particles. Nevertheless, the porous 
structure obtained was not dense and they did not provide a clear image of the porous 
structure. Poppitz et al. (2014) produced dense porous GaN nanowall networks using 
MBE. Nevertheless, the x-ray diffraction rocking curve showed that the crystalline 
quality of the obtained porous film was of lower quality relative to that of a typical 
epitaxial GaN thin film (Neumann et al., 2012). Moreover, the fabrication of porous 
GaN structure by bottom-up technique or growth processes such as CVD and MBE is 
complicated and expensive process. 
2.4.2 Fabrication of Porous III-nitrides by Dry Etching Technique 
Porous III-nitrides can be fabricated using etching techniques (top-down), which 
can be classified as either dry or wet etching. Generally, dry etching technique which 
include reactive ion etching, inductively coupled plasma reactive ion etching and 
chemical assisted ion beam etching have been used  to fabricate many porous 
16 
 
structures (Kucheyev et al., 2000; Cheung et al., 2011; Hajj-Hassan et al., 2011). 
Nevertheless, the challenge of this technique lies in the plasma-induced damage to 
the surface of the film which subsequently degrades the quality of the material and 
device performance (Choi et al., 2000; Choi et al., 2002; Wang et al., 2014b). In 
other work reported by Wang et al. (2005), the fabrication of porous GaN by 
inductively coupled plasma etching using aluminum oxide film as an etch mask 
generated ordered porous arrays on GaN thin film. However, this approach is quite 
complicated because it involves a two-step anodization process of the aluminum film 
prior to the inductively coupled plasma (ICP) etching. On top of that, the dry etching 
technique also requires a high vacuum environment and plasma generation, which is 
costly.  
2.4.3  Fabrication of Porous III-nitrides by Wet Etching Technique 
Wet etching technique offers more reliable and convenient method for the 
fabrication of porous III-nitrides because this technique requires only simple and 
inexpensive equipment compared to the dry etching technique. From the literature, 
two wet etching techniques are commonly used to generate porous III-nitrides: (i) 
metal-assisted electroless etching and (ii) PEC etching.  
 Metal-assisted Electroless Etching  2.4.3(a)
The metal-assisted electroless etching technique requires no electrical contact to 
the sample. This technique involves deposition of a thin layer of metal islands on the 
sample surface followed by the electroless etching process, which takes place in 
aqueous solution under UV illumination. A strong oxidizing agent is added to the 
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aqueous solution to oxidize the semiconductor surface. Several research groups have 
investigated this etching technique for the fabrication of porous GaN.  
Electroless etching of GaN was developed by Bardwell et al. (2001). They used 
a solution containing oxidizing agent of peroxydisulfate (K2S2O8) and KOH under 
UV illumination as well as two types of metal masks, Pt and SiO2 in the etching 
process. They discovered that Pt as the catalytic mask yielded a higher etch rate 
compared to SiO2. However, a non-uniform morphology of the porous structure was 
observed due to different etch rates that depended on the distance from the Pt mask. 
In addition, the low defect density regions were preferentially etched over the grain 
boundaries and dislocation regions. Thus, the crystalline material was removed 
during the electroless etching process and the dislocation region remained which was 
visible as needle-like dislocations (Bardwell et al., 2001). In relation to that, an 
additional and careful sonication step was required to remove the dislocations 
without disturbing the underlying porous structure.  
The research works on electroless etching of GaN was further investigated 
intensively by P. W. Bohn’s research group (Dıáz et al., 2002; Diaz et al., 2003; Guo 
et al., 2006; Li et al., 2002; Geng et al., 2013) and Yam et al. (Yam and Hassan, 
2009; Yam et al., 2007a). The GaN film was etched in a solution of 
CH3OH:HF:H2O2. The morphology of the etched sample showed the formation of 
ridge structures, with a deep porous network between and under the ridges. Similar to 
the report by Bardwell et. al. (2001), the electroless etching of GaN presented by P. 
W. Bohn group also resulted in removal of the crystalline material and leaving the 
dislocation region. The presence of ridges composed of dislocations can be seen on 
the surface of porous GaN and they need to be removed by sonication process. 
However, some of the highly branched layers at the surface of porous GaN were 
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removed during the sonication process, which resulted in larger pores in the porous 
structure (Williamson, 2000). This shows that the initial porous structure was 
disturbed by the sonication process. 
 Moreover, among the metal used for electroless etching, the Pt island film has 
been confirmed as an effective catalyst and it yielded rapid etching of GaN (Yam and 
Hassan, 2009; Duan and Bohn, 2010; Geng et al., 2013). Nevertheless, the issue of 
this technique lies in the difficulty of removing the Pt after metal-assisted electroless 
etching without destroying the porous GaN structure because of the insoluble 
properties of Pt. The residual metal somehow affects the performance of devices that 
utilize porous GaN structure (Geng et al., 2013). Besides that, this approach also 
lacks the ability to control the pore size and distribution of pores across the whole 
sample. The morphology of the porous structure may vary with position relative to 
the deposited metal film (Geng et al., 2013), with the region adjacent to the metal 
film showing a higher density of pores compared to regions further away from the 
metal film. In relation to that, a comparative study of the fabrication of porous GaN 
using metal-assisted electroless etching and PEC etching technique has been reported 
by Vajpeyi et al. (2005b). They have confirmed that PEC etching technique produced 
more uniform pore size of the porous GaN structure than that been obtained by 
electroless etching technique. 
 Photoelectrochemical (PEC) Etching  2.4.3(b)
Another common technique for the fabrication of porous III-nitride is PEC 
etching. PEC etching technique involves the use of electrolytes, an external potential 
and a UV light source.  UV illumination is used for photo-generation of electron-hole 
pairs to facilitate the etching process. This technique is suitable for fabricating 
porous III-nitrides due to its low surface damage of the thin film, versatility and 
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capable of controlling the pore size and etching depth by varying the etching 
conditions. The etching parameters which include the type and concentration of the 
electrolyte, etching voltage, etching duration and type of light source will affect the 
structural and optical properties of the porous structure. Careful control of these 
parameters during the etching process plays a significant role in generating the 
required porous structure.   
Several studies have reported the fabrication of porous III-nitrides using PEC 
etching techniques. Mynbaeva and Tsvetkov (1997) were the first to explore the 
fabrication of porous GaN (with SiC as the substrate) using this technique. In their 
study, the porous GaN sample showed a uniform porous structure with the maximum 
size of the pore in micrometer scale. X-ray analysis revealed that the fabricated 
porous GaN had a monocrystalline structure and the rocking curve (RC) for the 
porous GaN sample was narrower than that of the non-porous GaN. In addition, 
although luminescence signal was detected from the porous GaN sample, however, 
no enhancement of the luminescence signal was observed. Another work of porous 
GaN did by Mynbaeva et al. (2000) using the same technique discovered that the 
pores were propagated along the dislocation boundaries and subsequently the defect 
areas were removed during PEC etching of the GaN film. They also found that the 
formation of pores reduced the residual stress in the porous GaN layer relative to the 
non-porous GaN.  
Studies of fabrication of porous GaN (with sapphire as the substrate) using the 
PEC etching technique were continued by Vajpeyi et al. (2005a; 2005b; 2007). The 
porous GaN samples were fabricated using HF solution the electrolyte. The shape of 
the pores was nearly spheroid with an average pore size of <100 nm, which is much 
smaller than that of the porous GaN obtained by Mynbaeva and Tsvetkov  (1997). 
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Vajpeyi et al. observed a red-shift of band edge photoluminescence (PL) peak and E2 
phonon peak in Raman spectra from porous GaN compared to non-porous GaN 
sample. The red-shifted peak indicates that relaxation of compressive stress occured 
in the porous GaN. In addition, they reported that smaller pore size resulted in 
significant stress relaxation (Vajpeyi et al., 2005a; Vajpeyi et al., 2005b; Vajpeyi et 
al., 2007). Thus, porous GaN become attractive to be used as a growth template for 
the III-nitrides layer, as discussed in section 2.2. Moreover, in contrast to the report 
by Mynbaeva and Tsvetkov (1997), the porous GaN exhibited enhanced PL intensity 
at ~357 nm compared to the non-porous GaN, in which the smallest size nanopores 
showed the highest PL intensity. In other studies, Hartono et al. (2007b; 2007a) 
observed the amplification of PL intensity in their porous GaN that was fabricated 
using the PEC etching technique. The amplification of PL intensity is related to the 
reduction of the defects density and strain in the porous GaN sample, which has a 
positive effect on the luminescence efficiency of the film. The lower value of the 
rocking curve (RC) measurement from XRD for porous GaN compared to the non-
porous GaN sample showed a reduction in dislocation density in porous samples. 
Moreover, the light scattering in the pores and the scattering off the crystallite side 
walls also contribute towards the enhancement of the luminescence efficiency 
(Vajpeyi et al., 2006; Hartono et al., 2007b; Al-Heuseen et al., 2011a).  
On the other hand, Yam et al. (2007c) performed PEC etching on unintentionally 
doped GaN (with sapphire as the substrate) to examine the effects of different KOH 
electrolyte concentrations, anodization times and applied voltages on the 
morphologies of porous GaN. The scanning electron microscopy (SEM) image 
revealed that the pore size of the porous samples varied widely and the pores has 
various shapes, including spherical, elongated and triangular. The porous GaN 
